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Abstract 


Crystalline LiCoO, nano-particles for thin film battery were synthesized and deposited by aerosol flame deposition (AFD). The aqueous precursor 
solution of the lithium nitrate and cobalt acetate was atomized with an ultrasonic vibrator and subsequently carried into the central tube of the 
torch by flowing dry Ar gas. LiCoO, were formed by oxy-hydrogen flame and deposited on a substrate placed in a heating stage. The deposited 
soot film composed of nano-sized particles was subsequently consolidated into a dense film by high temperature heat treatment at 500-800 °C 
for 5h and characterized by SEM, XRD, and Raman spectroscopy. The crystalline carbonates and oxide were first formed by the deposition and 
the subsequent heat treatment converted those to LiCoO,. The FWHMs of the XRD peaks were reduced and their intensity increased as the heat 
treatment temperature increased, which is due to improved crystallinity. When judged from the low enough cation mixing and well-developed 
layered structure, it is believed that the LiCoO, film satisfied the quality standard for the real application. SEM measurements showed that LiCoO 
were nano-crystalline structure with the average particle size <70 nm and the particle size increased with the increase of heat treatment temperature. 


The thickness of thin film LiCoO, before the consolidation process was about 15 um and reduced to about 4 um after sintering. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Rechargeable thin film battery becomes an important power 
source for various small electronic devices such as micro- 
electromechanical system, smart card, medical appliances, 
MEMS devices, and so on. Several thin film micro-rechargeable 
battery systems were demonstrated successfully [1,2], and its 
necessity has been grown with the advent of nano-devices and 
ubiquitous age. To realize the thin film battery, solid elec- 
trolyte, cathode, and anode layers have to be developed to the 
satisfactory level of performance. The fabrication of lithiated 
intercalation oxides in thin film form is of great interest as a 
result of their possible use as positive electrode in all-solid-state 
lithium rechargeable micro-batteries to power microelectronics 
[3-5]. In the market-oriented viewpoint, the cost for the fabri- 
cation of these micro or ‘mini’ battery cells is not negligible 
issue and it should be considered from the initial stage of pro- 
cess development. In this study, the new inexpensive deposition 
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method is suggested to prepare LiCoO? cathode film for ‘mini’ 
battery cell fabrication. 

LiCoO? is one of the most extensively used cathode mate- 
rial in rechargeable lithium batteries. The cathode material for 
thin film battery as well as bulk type battery has been cho- 
sen to LiCoO2 without hesitation since its performance as a 
cathode is excellent and its advantages, such as high operating 
voltage, high specific capacity, and long cycle-life are evident 
[7-11]. Fabrication of nano-particle and thin film of LiCoO, has 
been extensively investigated and various methods have been 
suggested such as RF sputtering [11—16], electrostatic spray 
deposition [17,18], oxidation of metallic Co [19], and pulsed- 
laser deposition [20-22]. 

Because of its importance as a cathode material in recharge- 
able lithium batteries, the electrochemical properties of lithium 
cobalt oxide have been extensively investigated. The perfor- 
mance of the cathodes materials is affected by several factors 
such as particle size, crystallinity, and phase purity of the mate- 
rial. It is known that smaller particle size, in micrometer range, 
produces better cycling stability [6]. 

In this study, we employed a completely new method to 
synthesize the oxide cathode, which is called “aerosol flame 


deposition (AFD)” method. Advantages of AFD method are 
rapid formation of submicron and nano-sized metal oxide par- 
ticles, simple and low-cost process operating under ambient 
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Fig. 1. A schematic diagram of experimental apparatus for the synthesis of LiCoOz2 by aerosol flame deposition. 


atmosphere, wide choice of precursors, and good deposition rate spectroscopy. 
for oxide particles. 

The nano-particles and film of LiCoO2 was fabricated by sup- 2. Experiments 
plying precursors into high temperature oxy-hydrogen flame. 


The deposited soot film composed of nano-particles was subse- 
quently consolidated into solid film by high temperature heat 
treatment. The whole processes were carried out under nor- 
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Fig. 2. X-ray diffraction patterns of LiCoO2 powders produced at various 
ratio between Li and Co and sintered at 700°C for 5h: (a) Li:Co=1.2:1, (b) 
Li:Co=1.1:1, and (c) Li:Co=1.05:1. 
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mal air atmosphere with only optional control for moisture. The 
microstructure and crystalline structure of the synthesized pow- 
der and films were characterized by SEM, XRD, and Raman 


The aerosol flame deposition was applied to fabricate soot 
film of LiCoO2. Fig. 1 schematically shows AFD system. The 
essential part of the system is the oxy-hydrogen torch (21 mm 


Fig. 3. X-ray diffraction patterns of LiCoO2 powders produced at high tempera- 
ture heat treatment; Li ratio 1.2: (a) as-deposited powder, (b) 300 °C, (c) 400°C, 
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Fig. 4. TG curve of as-deposited powder heated in air and SEM micrographs of deposited soot films at different temperatures. 


outer diameter and 133 mm in length), which is made from four 
concentric silica tubes creating three concentric gaps, and one 
shield tube keeping flame stable. Argon gas with precursor solu- 
tion flows through the centermost tube (6mm outer diameter) 
of the torch while hydrogen, argon and oxygen flow through 
three gaps having different width outer diameter (O2: 12 mm, 
Ar: 15 mm, and H2: 21 mm) to ensure laminar flow of gases. 

Lithium nitrate (LINO3) and cobalt acetate tetrahydrate 
(Co(CH3COO)2-4H20) were chosen for starting materials of 
a precursor solution. The precursor solution of predetermined 
molar concentration was made by dissolving the starting materi- 
als into methyl alcohol (CH30H 99.9%). The precursor solution 
was atomized with an ultrasonic vibrator (1.7 MHz) and the 
atomized droplets were subsequently carried into the central 
tube of the torch by flowing dry Ar gas. LiCoO2 were formed 
by oxy-hydrogen flame and deposited on substrate (Pt plate or 
silicon) placed in rotating stage, which was kept at 150°C to 
eliminate H2O produced during hydrolysis. 

The deposited film and powder composed of synthesized 
particles is subsequently heat treated or consolidated at the 
temperature from 300 to 800 °C for 5h. The LiCoO2 soot pow- 
ders were synthesized at the hydrogen flow rate of 0.51 min~!, 
the oxygen flow rate of 7.51min7!, argon shield flow rate of 
2.51 min7!, and solution mole concentration of 0.1 M. The effect 
of Li/Co ratio was studied by changing the composition of pre- 
cursor solution. 

X-ray diffraction using Cu Ka radiation (XRD, Rigaku 
M2500) analysis was performed to confirm the crystallinity 
of the sintered powder and to check the crystalline phases of 
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Fig. 5. Raman spectra of LiCoO2 powders sintered at 700°C produced at dif- 
ferent ratio: (a) Li:Co = 1.05:1 and (b) Li:Co = 1.2:1. 
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LiCoO> with a scanning step of 0.030° and in the 26/6 range of 
an angle range from 10° to 80° at scan rate of 3° min7!. 

The correlation between the structure and the composition 
of the LiCoO, produced by heat treatment was characterized 
by Raman analysis NRS-3100 JSACO with 514 nm argon laser. 
To carry out the various measurements, soot powder specimen 
was used as well as films. Dense bulk specimen was prepared 
from the soot collected from the deposited films by sintered from 
300 to 800°C. The particles size of LiCoO, and cross-section 
of the LiCoOz2 thin film were observed by scanning electron 
microscopy (JEOL, JSM-6330F). 


3. Results and discussion 


The XRD diffraction patterns of LiCoO2 samples prepared 
by aerosol flame deposition and sintered at 700 °C for 5h in air 
are shown in Fig. 2. Crystalline LiCoO has a hexagonal layered 
structure with the space group R-3m (a= 2.82 A, c = 14.08 A) in 
which the cobalt ions locate on the 3a sites of the octahedron, the 
lithium ions locate on the octahedral 3b spaces and the oxygen 
anions form cubic close packing [23]. The XRD peaks of the pre- 
pared powders in Fig. 2 exhibit that of the layered LiCoO2 phase 
such as (101), (104), (015), (107), and (01 8) peaks. How- 
ever, the powder samples in Fig. 2(b and c) with Li molar ratio 
of 1.05 and 1.1 contained Co304 as an impurity, which suggests 
that Li incorporation into the synthesized particle is less efficient 
than Co. The lower incorporation efficiency of Li is believed to 
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be mainly due to the nebulization efficiency, which would result 
in the difference in the compositions of the precursor solution 
and aerosol droplets. 

The result indicates that to obtain the phase-pure powder the 
precursor with at least Li:Co = 1.2:1 is required. 

The effect of heat treatment on the synthesized LiCoO2 pow- 
der is shown in Fig. 3. As-deposited powder was a mixture 
of LiCO3, CoCO3, and Co304. However, as-deposited powder 
was gradually converted into LiCoO) as the heat treatment tem- 
perature increased. This conversion was not appreciable above 
500°C when judged based on the XRD data shown in Fig. 3. To 
confirm the reaction route by measuring the thermogravimetric 
change, TG was measured for the as-deposited powder. Weight 
loss due to the conversion of carbonates into oxide is known to 
occur through two mechanisms [23]. The formation of LiCoO2 
normally takes one of two routes. The first route is given by the 
reaction equation; 


CoCO3— CoO + CO, (1) 

2Co0O + LigCO3 + 502 > 2LiCoO2 + CO2 (2) 
The second route is given by; 

3CoCO3 + 402 > Co304 + 3CO2 (3) 


2C0304 + 3Li2CO3 + 502 — 6LiCoO2 + 3CO2 (4) 


a 4 
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Fig. 6. SEM micrographs showing nano-particles size view of LiCoOz sintered at different temperatures for 5h: (a) as-deposited, (b) 500°C, (c) 600°C, and (d) 


700°C. 
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The first reaction route is known to occur under inert atmo- 
sphere, while the second one takes place under oxidizing 
atmosphere such as normal air. As can be seen in Figs. 2 and 3, 
there was no evidence for the formation of CoO. This specu- 
lation is not out of common sense if considering that the heat 
treatment was done under air in this work. Therefore, we can 
conclude that the reaction in this work took the second route. It 
is expected from the reaction Eqs. (3) and (4), one can imagine 
that the gravimetric curve will show two different drops due to 
the weight loss of each reactions. The low temperature drop is 
attributed to the reaction (3) and the high temperature drop is 
to the reaction (4). In actual powder specimen, the weight loss 
is highly dependent on the particle size/shape and the packing 
density since it involves to the evolution of CO, gas. The previ- 
ous reports [23] have shown that the weight loss by the reaction 
(3) is evident by the precipitous drop in TG graph, while that by 
the reaction (4) is not evident. The less evident high tempera- 
ture drop might be due to the large particle size (in the range of 
um) used and, maybe, the wide range of reaction temperature of 
the reaction (4). As shown in Fig. 4, the TG curve measured in 
this work exhibited two distinct weight losses. The low temper- 
ature one occurred around 300°C, while the high temperature 
one around 650°C. It is evident that these two weight losses are 
assigned to the reactions (3) and (4), respectively. The reason 
that the high temperature weight loss is very pronounced in this 
work might be the small particle size in a few tens of nanome- 
ters scale and very low packing density of the prepared specimen 
as shown in the inset figures. The significant weight loss around 
650°C can be clearly seen in the inset figure, which supports the 
observation by TG measurement. If judging from the TG result, 
the optimum calcinations temperature of the synthesized pow- 
der will be around 750°C where the weight loss due to CO2 gas 
evolution is completed. However, as explained later, the cation 
mixing is another factor to consider determining the optimum 
calcinations temperature. 

In Fig. 3, the peaks at 20=65° were not clearly separated 
when the powder was sintered under 600°C. When the sinter- 
ing temperature is higher than 600°C, the XRD patterns show 
the characteristic of fine-layered LiCoOp2. All diffraction peaks 
could be indexed to the hexagonal a-NaFeO2 (R-3m) lattice 
structure. From peak positions the lattice constants of the sam- 
ples were calculated as listed in Table 1. The c-axis and the c/a 
ratio increase with the increase of sintering temperature, while 
a-axis changes slightly. In Table 1, R is the ratio of the inten- 
sity of (0 0 3) peak to (1 0 4) peak and at the temperatures above 
500°C R is higher than 1.2, which suggests that the cation mix- 
ing was eliminated in satisfactory level [24]. The FWHMs of 
the peaks were obviously reduced and their intensity increased 


Table 1 

The lattice parameters of LiCoO> heat treated at various temperatures 
Temperature (°C) R a (A) c (A) cla 
500 1.18 2.818 13.865 4.920 
600 1.32 2.806 13.986 4.984 
700 1.59 2.820 14.090 4.996 
800 1.39 2.826 14.136 5.002 


as the sintering temperature increased, which is the result of 
improved crystallinity. However, the R ratio was reduced for the 
powder specimen sintered at 800°C, which coincides with the 
previous reports [24,25]. 

Fig. 5 shows the Raman spectra of LiCoO2 samples with 
different Li ratio (1.2 and 1.05) which were sintered at 700 °C for 
5 hin air. The Raman peaks at 484 and 594 cm7! were observed 
in the both samples and these peaks are assigned as Eg and Ajg 
vibration modes in hexagonal R-3m space group of LiCoOz, 
respectively. 

In the Raman spectrum of Fig. 5(a), an impurity peak assigned 
to Co304 was observed at 521 and 686 cm7! while the bands 
assigned to LizCO3 were not observed [26]. This result agrees 
to the result of XRD diffraction patterns shown in Fig. 2(c). 

The micrographs of LiCoO2 samples sintered at various tem- 
peratures from as-deposited to 700°C were taken by SEM and 
displayed in Fig. 6. The particle size distribution was relatively 
narrow and the shape was close to a sphere. The average parti- 
cle size of the powder increased with the increasing of sintering 
temperature. For the samples as-deposited and sintered at 500, 
600, and 700°C the particle sizes are in the range of 30—40, 
40-50, 50-60, and 60-70 nm, respectively. 

The cross-sectional images of as-deposited and sintered film 
are shown in Fig. 7. The thickness of LiCoO2 film before the 
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Fig. 7. SEM micrograph showing cross-sectional view of LiCoOz (a) as- 


deposited and (b) sintered at 700°C for 5h. 
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consolidation process was about 15 ym and it reduced to 4 wm 
after sintering. The film retained the partially porous state even 
after sintering process at 700°C for 5h, which is expected to be 
desirable for 3-D contact with solid-state electrolyte. 


4. Conclusions 


The crystalline LiCoO2 nano-particles were synthesized 
by the aerosol flame deposition from the aqueous solution 
of lithium nitrate (LiNO3) and cobalt acetate tetrahydrate 
(Co(CH3COO)2-4H20). The as-synthesized powder composed 
of various compounds such as Li2CO3, Co304, and CoCO3. 
Subsequent sintering process at 700°C, for about 5h produced 
crystalline LiCoO, nano-particles without cation mixing. The 
average particle size of LiCoO2 was under 70 nm and increase 
with the increase of heat treatment temperature. LiCoO2 soot 
film of 15 um thickness was consolidated to 4 um after sintering 
at 700°C for 5h. 

In this work, aerosol flame deposition method was success- 
fully applied to the fabrication of LiCoO7 nano-powder and film 
for thin film battery and proved its potential as a candidate for 
inexpensive fabrication process. 
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